
We nivestigated the Fourier4ransformed midinfrared (MIR) and near
infrared (NIR) spectroscopic properties of mycorrhizal (M) and nous
naycorrhizal (NM) carrot roots with the goal of finding infrared markers
for colonization by arbuscular mycorrhizal (AM) fungi. The roots were
cultured with or without the AM fungus Glomus intraradices under
laboratory conditions A total of 50 M and NM samples were produced
after pooling subsamples The roots were dried, ground, and scanned
separately for the NIR and MIII analyses The root samples were analyzed
for fatty acid composition in order to confirm naycorrhizal infection and to
determine the presence of fatty acid markers. Besides the roots, fatty acid
standards, pure cultures of saprophytic fungi, and chitin were also
scanned in order to identify spectral bands likely to be found in M
samples. Principal components analysis (PCA) was used to illustrate
spectral differences between the M and NM root samples. The NIR
analysis achieved good resolution with the raw spectral data and no
pretreatment was needed to obtain good resolution in the PCA analysis of
the MR data. Standard normal variate and detrending pretreatment
improved the resolution between M and NM in the MIR range The PCA
loadings andlor the spectral subtraction of selected samples showed that
M roots are characterized by absorbances at or close to 400 cm’, 1l0o
1170 cm°, 1690 cm, 2928 cm’, and 5032 cm’, The NM samples had
characteristic absorbances at or near 1734 cm, 3500 cmh 4000 cm1,
4389 cm°, and 4730 cmh Some of the bands that differentiate M from
NM roots are prominent in the spectra of pure ftzngai cultures, chitin, and
fatt acids Our results show that mycorrhizat and nonmvcorrhizal root
tissues can he differentiated sia MIR and NW spectra with the advantage
that the same samples can then be used for other analysesindex Headbres: Fourier transform infrared spectroscopy; FT4R spec
troscopy; Near4nfrared speetroscopy; NIR speetroscopy; Diffuse refiec
hen; Midinfrared spectroscopy; Principal componeel analysts; PCA;
Fatty acids; Chitin; Fungi: Mycrirrhlzae

INTRODUCTION
Arbuscu]ar in corrhizal (AM) fungi fo a mbiotie assoctiations with the majority of row crops, frecuently enhancing

yields as well as soil quality.’ Both the plant and the fungus
benefit nutritionally in the AM symbiosis: The mycorrhizalfungus grows into the soiL improving nutrient uptake, anti the
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fungus depends on the host plant for energy in the forrr
fixed carbon2’3

Mycorrhizal ftingi obtain carbohydrate from the host p1
and store it as hipid34 Among these fungal lipids are unus
fatty acids such as 16:lco5c and/or [8:lei9c, which can be ut
to mark the presence and biomass of mycorrhizal fungi
environmental sarnpies’tDetection of mycorrhizal fungi by traditional methods h
relied on microscopic observation and interpretation
morphological featuresY Fatty acid analysis is an altemati
method to staining and microscopy and may be faster, let
prone to bias, and useful as a measure of biornass.5 Fatty aci
analysis, however, is not completely species specifict° am
requires destructive sampling, laborious wet chemistry proce
dures, and gas chromatography.Neartinfrared (NW) and midtinfrared (MIR) diffuse reflee
tance spectroscopy have recently become established methods
for the quick and reliable analysis of a ‘cultural materials such
as grains, forages, and soils. I 114 The MW range is
advantageous because it has many distinct peaks amenable to
spectral interpretation according to diagnostic bands,’5 while
NIR spectra of complex materials consist of combination bands
and overtones that may seem featureless without mathematical
pretreatments.

Diffuse refi.ectanee infrared. spectroscopy is advantageous
because ground powders can be analyzed directly without
extraction, or chemical treatments, and the sample is available
for other analyses after the scans have been performed. Lipids
have particularly strong atisorbance .in the infrared region.
Recently, .it has been demonstrated that NIL and MW
apt ctrosccpy can he used for quantifying fatty acids (PA’) in
a variety of fo.rage species” MW and NW spectroseopy have
beers used (be the classification of funga[ isolates 0517 as well as
for differentiating plant material containing fungal growth from
uninfected material. 182O

The objectives of this study were to (1) use mulfivariate
statistics to compare the spectral properties of mycorrhizal and
control roots in ihe NIR and MW regions. (2) identify spectral
regions that mark the presence of myconhizai fungi in th..e roots.
(:3) identiby possible lipid or fungal spectral features that could
he used to differentiate between mycoiThizal and non-mycor
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rhizal root spectra, and (4) detennine whether there is a re1ationship between root spectral data and fatty acid marker data,
EXPERIMENTAL

Carrot roots (Daucus carota) transformed by Agrobacreriumrhizogenes Ri T—DNA were cultivated at 20 °C on a minimalnutrient medium,2’modified to use Phytagel (Sigma) instead ofagar. A relatively dilute Phytagel concentration of 2 g wasused to facilitate the dissolution of the medium for an easierrecovery of the roots and mycelium. To prepare themycorrhizal (M) plates (Fig. 1), a 1 cm diameter plugcontaining roots, spores, and mycehum from a 4 month okiculture of transformed carrot roots in symbiosis with Glomusintraradices (DAOM 181602) was placed in a fresh Petri dishwith approximately 30 ml. of medium. The nommycorrhizalcontrol (NM) cultures were prepared in the same way exceptthat the fresh plates were inoculated with uninfected roots. Thecultures were incubated for l 2 weeks, which allowed forprofuse root, mycelium, and spore production Fig. 1). Thecultures were examined with a dissecting microscope toconfirm that the controls were free of fungal infection and toensure that the inoculated roots had mycorrhizai infection.Eighty milligrams (80 mg) of sample materia.l was needed tofill the diffuse reflection sampling cups and carry out thespectroscopic analysis. For this reason, duplicate culture plateswere pooled in order to have enouch material to fill the cups.Twentys.ix NM and 24 1.4 samples were analyzed.Root Samples. At the end of the culture period, M and NMroots were rem.oved from the Petri. dishes and shaken gc.nfiywith an orbital shak.er in 100 iriL ithmmol sodium citrate, pH 6at 37 “C to dissolve the Phytagel21 The samples were thenrinsed with distilled water and retained with a 38 im sieve torecover root and fungal material. The material was washed withwater, frozen, lyophilized. and weighed. The lvi and NM rootswere then ground with a mortar and pestle before spectroscopyand fatty acid analysis.
Fatty Acid Methyl Ester Analysis Fatt d arialva is was

carried out in order to indicate the presence and intensil>rnycorrhizal infection in our samples. as well as to investigthe presence of possible fatty acid hands in the mycorrhispectra. Fatty acids were extracted from roots and matelusing the Microbial Identification System (Microbial ID, IiFMIDIJ, Newark, DE). The MIDI system is based on g
chromatography of saponified and esterified extracts followby computerized peak identification.23 The wet cheinistcpreparation of the samples consist of four steps: (

saponification of fatty acids in 20 mg of freezmdried fine mmwith 2 mL 375 lvi NaOH in (methanol:water, 1:1 v:v) unde
heat (100 “C) for 30 mm: (2) methylation of fatty acids b:adding 4 mL of 6 M HCI in aqueous methanol:water (1:0,81
v:v) under heat (80 “C) for 10 minutes: (3) extraction of the
fatty acid methyl esters (FAME) with 2 mL of 1:1
hexane:methyMert hutyltether solution and rotating the
samples endmveciend for 10 miii: and (4) washing of the
organic phases with 1.2% diluted NaOH by rotating the. tubes
encfioverend for 5 mm. The organic phase (top phase) was
analyzed in a 6890 GC Series II (Hewlett Packard, Wilming
ton, DE) equipped with a flame ionization detector and 25 m><
0,2 mm fused silica capillary column using ultra high purity
hydrogen as the earner gas The temperature program was
ramped from 170 “C to 250 “C at 5 “C rnin* Fatty acids were
identified and their relative peak areas were determined with
respect to the other fatty acids in a sample using the MIS
Aerobe method of the MIDI system. The FAME nomenclature
is based on the number of C atoms, followed by a colon, the
number of double bonds, and then by the position of the first
double bond from the methyl (o) end of molecules, cis isomers
are indicated by “c”, trans isomers are indicated by a “t”, and
branched fatty acids are indicated by the prefixes “I” and “a”
for iso and anteiso, respectively. Other notations are “Me” for
methyl, “OH” for hydroxyl, and “cy” for cyclopropane.Infrared Spectroscopy. All Iv! and NM root samples were
scanned in the NIR and MIR on a Digilab FTS 7000 (Varian,
Inc., Palo Alto, CA) Fourier transform spectrometer with a lead
selenide detector and a quartz beam splitter for the NW region
or a deuterated thglycine sulfate detector and KEr beam splitter
for the MIR range. A Pike AutoDlFF autosampler (Pike
Technologies, Madison, WI) was used to obtain spectra in
diffuse reflectance mode, Sulfur and KB.r were used as
hackound samples for the Nifi and MW, respectively.
Spectral data w-ere collected at 4 cm resolution (64 cmadded
scans per spectrum) from 10 000 cm’° to 4000 cm’ for the
NIR, and 4000 to 400 em” for the MW.To determine lipid spectral features in foe MIR and NIR, we
scanned. authentic samples of free fatty acids as well as
commercially available oils, Free fatty acid samples of palmitic
acm e16 0) paimitoleic acid (Lb I) and o1e c acid S IifSigmtrAldrich, St. Louis, MO) and pure canol.a and saffloweroil were obtained for analysis. The fatty acid.s and oil samples
nere ms”ri rm° solfur or tehi tr a 5 ne”ccv “ seight ratioand scanned in the NIR or MW.We obtained spectra from four different fungal cultures(Phorna sp., Fusarium avenaceum, Fusa,’ium equiseti, and

Bipolaris sorokiniana) in order to identify fungal bands that
may also he present in the mycorrhizal roots, These four nommycoiThizal fungal species were grown in pure culture in the
laboratory, All are soil inhabiting fungi with the capability to
in a “ l’be ngs

20 C in Petnplates ot potato dextrose broth solidified with Phytagel,

Fin, 1. Micrograph of an axenic culture showing ihe transformed carrot roots,
mycorrhizal hyphen, and chlamydospore.s. The picture was obtained through
the eyepiece of a dissecting microscope.
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NM M ‘(TEST

12:0 0.99 0.64 0.0013:Oanteiso 0.43 027 0.0015:0 060 053 00716:iiso 0.36 015 0.00l6:he5c (1.04 1418 0.0016:0 25.19 26.92 0.3016:020H 1.03 0.89 0.0218:ltu9c 6.83 6.16 9.4818:ko7c 0 1.61 0.0018:0 4.04 3.67 04319:Oiso 0.32 0.30 0.5520:0 ‘ 4.29 3.89 0.12Summed feature 5 38.4 26.63 0.00Summed feature 7 10.57 7.52 0.00

allowing for the dissolution of the medium and separation ofthe fungal biornass at the end of the growth period (as with theroot cultures above). The fungal cultures were ground in liquidnitrogen using a mortar and pestle before being scannedundiluted in the MIR and NIR as with the root samples.
Chitin (poly-N-acetylglucosarnine) (Sigrna’.Aldrich, St.Louis, MO) was ground with an agate mortar and pestle andscanned in the MIR and N as with the root and fungalsamples. except that a liquid nitrogen cooled indiumantimonide detector was used for the NIR.
Multivariate Analysis and Spectral Subtraction, Princripal component analysis (PCA) of the MIR arid NIR spectra, aswell as the correlation of spectra and constituents were carriedout using GRAMS/Al Version 7.02 (Thermo Galactic, Salem.NH). The whole wavenumber regions in the M and NIRwere used for the PCA analyses except for two small regions inthe MIR between 23002385 cm0 and 660665 cm’, whichwere affected by small fluctuations possibly due to CO2.Removing these regions did not affect the PCA results butexcluded the possible CO2 bands from the component loadingsanalysis. GRAMS/Al was used to obtain the average andsubtracted spectra of selected samples. The standard normalvariate (SNV) and detrending pretreatment of GRAMS/Al wasosed for the PC A of the M1R range The SN’v and letrcheino

are commonly used in. NIR spectroscopy to re.duc.e baselineshift, tilt. ansi curvati:tre due to sample heterogeneity andscattering .issue$ during diffuse reflection scans. The SNVtreatment improved the resolution of the M and NM samples inthe Mlii . hut not t.he NIR, which had good resolution with theuntreated fraw spectral data PCA loahrgc to re mac oindtcate the strength of the coirelarion between componentsand the wavenumbers. For spectral subtraction, the spectrawere standard1zed by subtracting each individual wavenuniber
Tin pica ‘ibsnrLunc u ot .he spec.trnm then dlvT.ilug I’

the standard deviation of the spectrum.

RESULTS AND DISCUSSION
Few studies on the spectroscopy 01 infected plant tissueshave been canird out to date. However, infrared spectron.epic

Wavenumber

Fio..2.Mid’lnftared ..p:ua at free lacy acids and oils.

techniques can he used successfully to distinguish uninfeplant material from samples infected with fungi,24’25 Gordoal. used transient infrared spectroscopy to acquire infospectra from a moving bed of corn kernels and were ablidistinguish good corn from grain infected with A. [lavaEukhimovitch et al, used infrared microscopy to reliaidentify potato samples infected with C. coccodes,25 Thresults suggest that infrared spectroscopic methods candeveloped to diagnose fungal infection for many mycologiapplications in a quick, inexpensive, and sensitive fashiMycorrhizal research could benefit greatly from suchtechnology because quick screening of field samples tallow for frequent, detailed, and more meaningful data frcrelatively large field experiments. This would require mumore manpower if the traditional root clearing, staining, avisual scoring approach were used. The recent use of fatty atmarker analysis, a fast and unbiased technique based on wchemistry anti gas chromatography, needs to be used wicaution because species like G. accultum, an ubiquitoimycorrhizal fungus, does not have the 16: ltu5 marker,5possible approach could be to use whole spectra together W1imultivariate statistical techniques in order to differentiate Psamples. Alternatively, specific diagnostic wavelengths, oncidentified, could be used in order to mark the presence c.fungal material in a plant sample.
Fatty Acid Analysis of Roots. The AM fungi contaiunusual fatty aches that are not pre.sent, or are present onlysmaller amounts, in uninfected roots or rhizosphere m.icrooranorns ‘ Be ann rf h ‘1 to cali cc ns0pca seo rNM roots by’ their fatty acid profiles.5 For example, i6:1e35cl$:lro7c, 20:lw9c, 20:2w6c, 2.0:3, 20:4, and 20:5 occur soledor in significantly higher concentradons in M roots relativeuninfhcted rootsd’7 There is no universal fatty acid marker fosall mvcorrhizal fisagal species, but the aforementioned fattyacids alone or in combination have been proposed as markers:of different mycorrhizal fungi in environmental samples androots.5’6Root cultures have the advantage over environmentalsamples in that there is no background of fatty acids pertainingto other rhizosphcre organisms or soil, In this study. M carrotroots had a significantly higher percentage of 16: lto5c and18:1027c than NM roots (Table 1). The percentae of ! 6:1‘she the i’l samples varied from 42% to below detection

ys 4 at
a

a,

TABLE 1. Fatty acid data as percent of total fatty acids. Only fatty acidswith more than 12 carbons in the aliphatic end of the molecule andmaking tnorethan 0.5 percent of total peak area are included. The ‘l’TESTresults are the probability that the mycorrhiza{ (M) and non-mycorrhizal(NM) data come from populations with the same mean according to aStudent’s tTest. Summed feature 7 contains .18:lro7c, 18:ho9t. and/ortS:1(ul2t. Summed feature 5 tlS:Oanteiso/lS:2w6,9c). a 26 nonmycorrhual, and 24 mycorrbizal.
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different spectral features. The Phoma sp and Bipolaris
sore/an jane spectra have high ahsorbance towards wavenum
hers higher than 7000 cm’, possibly because of their darker
color (Fig. 5). However, the NIR spectra of the other fungal
material had features at 5790 cm 1, 5675 crn 5 170 crn,
4610 crn, 4330 cm’, 4260 cm’, and 4020 cm1, although
these peaks were not as pronounced as those shown in the MIR
(Fig. 4).

The MIR and NW spectra of chitin (Figs. 6 and 7) show
many similarities with those of the pure fungal cultures. This
suggests that chitin, besides being an important fungal ccli wall
component, contributes significantly to the absorbance in the
MW and NW of the fungal material. The chitin and the fungal
spectra share prominent peaks at 1085 cm, 1157 cm, 1666
cm, and the close peaks at 2928 cm and 2924 cm1 in the
IVrlR, and at 4020 cm’ and close bands at 5170 cm and 5174
cm (Figs. 4 through 7).

Principal Component Analysis of the Root Mid-Infrared
Spectra. The PCA analysis of the MW shows that M roots
tend to have different MW spectral properties than NM roots,
although the difference was not clear cut (data not shown). The

Wavenumber (cm°)

1500 1000 500

8 Conmoneni toadinis for the PC\ ,t ‘he rae mld-ulftared spectra of
the mvcorrh.izai and non-mycorrhizal axenic culw.res.

Wavenumber torn)

Fm. 9. Component 3 loadings for the PCA of the raw n1nietrared specrthe myeorrhizal and non’mycorrhizai axenie cuttures. The spectral rangethe highest loadings is shown.

PCA can help concesurate the large amount of informat
included in the spectra into a few underlying components. ‘1scores indicate the location of the sample along a componc
and samples with close scores tend to have similar sped
properties. Mycorrhizal spectra tend to have low scores sic
components 1 and 3 of the PCA compared to the NM sped
The relationship between the sample scores and the spectdata is determined by the factor loadings (Figs, 8 and 91’. ‘1sample score distribution along the axes is positively related
wavelengths with high loadings and negatively related
wavelengths with low loadings for the particular axis. Fadloadings for component 1 indicate that absorbances at sevetclose peaks near 1690 cm’ are positively related to tpresence of mycorrhizae, while absorbances at a broad baiaround 3522 cm and peaks at 1734 cm, 1211 cm, at
987—920 cm are associated with non-mycorrhizal roots (Fi8). The loadings for component 3 of the PCA, which accounfor 12.4% of the variation in the spectral data, indicate that Isamples are associated with wavenumbers between 1097 an1165 cm’ (Fig. 9), The high scores along component 3, whet
the NM samples tend to be, are associated with loading pealat 1734 crn, 1489 cm’, and several peaks between 771 an912 cm1

As discussed above, the SNV and detrending pretluatmeni
anon red the resluti no of \J a ‘d NM ample
reason for the lack of clear seoaration wsth the raw MIR spectris that some of the differences of importance between M antNM samples are in the area around 1100 crn, where specularetleclion distortions are purvalent in the MIR. Diluting thsamples with KBR is known to reduce the specular reflectiosimue.s but it adds significant labor to the analysis. TOt
mathematical pretreatment, however, is instan.taneous antimproves the resolution of the M and NM samples satisfac.ton iv,

Principal Component Analysis of the Root Near.Infrared Spectra. The principal component analysis of theraw NW spectral data shows that the lvi roots have distinctly
different NW spectra than the NM roots (data not shown), andno pretreatment was needed to achieve good resolutionbetween NM and lvi roots in the NIR region. Mvcorrhizalroots have lower scores than NM roots for components 2 and 3.
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Fin. I th Factor 2 loadings for the PCA of the raw neavinfrstvd spectra of thernyeorrhizal and nocwrnycorrhizal axenic cultures,

which explain a small portion of the spectral variation (L6percent altogether). The loadings pattern for component 2 looks
similar to a raw root NIR spectrum, with the smallerwavelengths (near 4000 cm 1> explaining the score patterns
of NM samples, as well as broad regions near 4740, 4389, arid4290 cm” (Fig. 10), Loadings for component 3 indicate thatNM roots have high absorbance at wavenumbers above 9100cm and at 4730 cnf’, 4276 cm”'’, and 4000 cm”’, while Mroots are associated with absorbance at 5032 cm””’ and broadareas between 7100—7570 cm”'’ and 5300—5370 cm”'’ (Fig. 11).Average Spectra and Spectral Subtraction. The subtrached MIR spectrum of selected samples shows the differentspectral properties of M and NM tissues (Fig. 12). Thesubtracted spectra illustrate the difference in spectral propertiesbetween highly mycorrhizal roots and uninfected controls. Thisgoes beyond the PCA approach, which shows the differencesbetween the whole set of inoculated cultures and controls,regardless of the intensity of mycorrhizal infection. The Msamples were selected to have high 16:] w5 percentage,indicating high infection. The subtracted spectrum shows the
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Fo, 11. Faster 3 loadings for the PCA of the raw near-mfrared spectra of then.ycorthizal and non”mycorrhie.ai axenic c.olmres,

Fin, 12. (Top) Average midissfrared root spectra of selected mycorrhizal andnon’mycorthizal axenic samples, and (bottom) the subtracted (non—mycorrhizal— inycorrhizal) spectrum. n = 3.

different spectral properties of NI and NM samples. Theselected mycorrhizal roots were most different from NM rootsnear 400 cm”, at 1626 cm”1,2928 cm”t and a region between1150—1180 cnr’ that peaked at 1166 cm”'. Nonmycorrhizairoots were characterized by absorbance at a broad regionaround 3670 crn, at 1732cm””, 1498 cm””, and 914cm””,Note that hands near 1165 cm”'’, 1734 cur’, 912 cnf’t, 1490cm”'1, and 3600 cm”” were also important in resolving M andNM samples using the PCA analysis (above).
The MW spectra are amenabte to intergretation because. theyhave distinct peaks that can be attributed to specific spectralIvu d WI do the honnstrg si,,roundmg the func’,enalgroups can cause shins on the speciflc bands, the PtA andsubtraction approaches can indicate likely differences incomposition bet.ween M and NTM roots, The. 1732 cm””’ bandhas been attributed to &rO stretchingas and suggests a higheramount of esterifled carbohydrates in the NM samples than it,the infected roots. The NIvI roots are also characterized byabsorhances near 1490 cm”’ and 914 cm””, possibly’ due totim stretching within aromatic hydrocarbons, and =CH orrCH2 bending, respectively. The PtA and the subtractionapproach show that the M samples are characterized byabsorhances at 1100—1170 cm”’1, which could be attributed to—C—C—C or —0—C bond stretching, The ahsorhance at 292$cnr shown by the subtraction approach suggests increased...“CF{, —CH2. or tin7 stretching in the M samples. The band at

APPLIED SPECTROSCOPY 499

( 770

*

4797359

4*47 5th

A
‘fr

rvi

0
5

0
07

a’
is
N

‘0
ci
vi

‘U

Cl)

ci
ci
‘U
ci

ci
U,

ci
vi
11)
(U
iii

‘0
0

U’

4000 3000 3000 25122 2000 1500 0)00 500

Wavenumber (cm”)



roots.

Fin. 13 (Top) Average near4nfrared root spectra of selected mycorrhizal andnon-mycorrhizal axenic samples, and (bottom) the subtracted (non-mycorrhizalinycoirhizal) spectrum. a = 3.

1626 cm in the lvi samples is near the (NC stretching band
for alkenes.

The NW spectra of three M samples (the same ones shown
in Fig. 12) were averaged and subtracted from the NM spectra
in order to illustrate the spectral differences between highly
infected and control roots (Fig. 13). The M samples were
different from NM samples at a broad section around 7570
cm’ and higher wavenumbers and at a small peak at 4334
cm’. The NM NW spectra were different than the M at a
broad peak around 4730 cm and at 10000 cm. Note that
these wavenumbers were also important in the component
loadings to differentiate 1.4 and N7v1 roots in the FdA analysis
above.

Comparison of the Root Spectral Analyses and th.e
Fungal, Fatty Acid, and Ciitin Spectra. The MIR PCA and
the spectral subtraction analyses show that the M roots are
distinguished front the N.M roots by higher absoriiai.ce at
wavenumbers close. to 1165 cn (Figs. 9 and 12), This is a
prominent band in safflower and canola oil FUR spectra (Fig.
2) artd is close to the peak at 1157 cm observed in the pure
flingal hiomass (Fig. 4) and chitin (Fig. 6).

The subtraction of the FIR spectra of highly infected M
roots and NM roots identifies 4334 cm” as one of the NW
absorbance features that differentiates M from NM spectra
(Fig. 13). This band is close to peaks present in the Fusariurn
fungal hiomass at 4330 cm” (Fig. 5) and at 4319 cm” in the
fatty acids and oils iFig. 3). which suegests that fimgal and

This study denionstristes the applicability or altspeciroscopic methods for the detection of M fungi inRi T-DNA carrot roots colonized by G. inirara,tices
distinct spectra relative to NM roots in the NIR and
ranges. Replicate cultures of the mycon’hizal and enclustered separately in the PCA diagrams of the rawspectra and the pretreated MIff spectra, indicaling
reproducibility of the spectroscopic technique, No pretreatwas needed to achieve good resolution of the PCA in thewhile standard normal variate pretreatment of the MIRimproved the separation of the M and NM samples. Our reshow that mycorthizal fungal components such as lipidschitin can partially explain the spectral differences betweeand NM roots, Future work should investigate batch effectsculture conditions on the spectral properties of M androots. Also, the spectral properties of other crop—fungal specombinations in the laboratory and the field need todetermined in order to establish whether there are univespectral signatures for this important ‘oup of organisms.

1. S. F. Smith and D. 1. Read, M’i’coredirei Symbiosis (Academic Press.York, 1997), 2nd ed.
2. 1. Ho and J. Trappe, Nature. The New Biology 244, 30 (1973).3. P. F. Pfeffcr, D. ft Douds, Jr.. (2’. Bicard, and Y. Shachar.HjlJ, PPhysiol. 120, 587 (1999).
4. M. Trdpanier, 0. Bécard. P. Moutoglis, C. Willemot, S. Gagné, F. ). Aand I. A. Rioux, AppI. Environ. Microbiol. 71, 5341 (2005).5. J. H. Graham, N. C. Hodge, and J. B. Morton, Appi. Environ, Microb61, 58 (1995).
6. P. A. Olsson, B. BASth, 1. Jakobsen, and B. Sbderstrom, Mycol. Res.623 (1995).
7. P. A. Olsson, FEMS Microbiol. Ecol. 29, 303 (1999).
8. R. Madan, C, Pankhurst, B. Hawke, and S. Smith, Soil Biol. Eliochem,125 (2002).
9. N. C. Schenck and Y. Perez, Manual for the identtfication of 1mycorrhizal fungi (Synergistic Publications, Gainesville, FL, 1990).10. S. P. Bentivenga and I. B. Morton, Mycol. Res. 9S, 1419 (1994).Ii. C. Roberts, J. 3. Workman, and J. B. Reeves Ill, NIR in Agriculture (ASpCSSA-SSSA. Madision. WI, 2003).

12. 3. B. Reeves 111 and (7. W. McCarty, 3. Near infrared Spersrosc. 9,(2001).
13. G. W. McCarty, 3. B. Reeves 111. V. B. Reeves, B. F Pollen, and .1Kissable, Soil Sci, Soc. Am, J. 66, 640 (2002).
14. F. 3. Calderbn.. 7. B. Reeves, 7. G.Foster., W. M. (2ia.hasri. 3. M. Milderand M. F. Vigsl, 3, Agne. Food Cltem. 55, 8302 (2007)..15. N. B. Colthiap, L. H. Daly, and S. B. Wibedey, Introducijon to lnfrorss

. ‘e’. a’.16. Cl. Fischer, S. Brains, R. Thissen, and W. Dott, 3. Mierobjel. Methods 64163 (2006).
(2 81 ‘so’ tv (3 leap,, ‘5 .5 ..o K (2. F I’

“, r ‘-‘Phytopathol. 155, 364 (2007).
S it Gi roe P 0 5, 0

‘.Greene ie.t. J. Food Microbiol, 35, 179 (i97),
19 s Berards ‘ Pss’sea,w BalnLni A Ss.aplolara 4 P ‘on “3 5

Marocs;o.J,Aenjc. Food Cheat 53. 1 28 (2005.
20. ‘F Bbxje.sson, B. .Steobeng, ,j, il I. Schniirer, Cereal Chem, 84, 231 (200Th‘ls”.,. ‘i’. C “0’ 108
22. L. W, t)oner ar,,) (2, P,dcard, Biotechnol, Thch’. 5, 25 (1991).‘.1 V As,osta Martinez F 81 Zobeck ant’ a’ Alien Sot! S Sec

1875 (2004).
24. S. H. Gordon, R, W. Jones, 3. F. McClelland, D. T. Wicklow, and R. V.Greene, 1. Agric. Food Chem. 47, 5267 (1999).
25. V. Erukhirnovitch, L. S. Lahkim, M. Hazanovaky, M. Talyshinaky, Y.Souprun, and M. Huteihel, AppI. Spectrosc. 61, 1052 (2007),26. S. JabajiHare, Mycologia SO. 622 (198Sf
27. M Guilldn and N. Cabo, 1. Mi. Food, A2c. 75, 1 (1997),2 pp ,. “013

500 ‘/rIui,ir’i (13. Niimbc r “. 200Q

CONCLUSION
0
0ra

.0
0
Or,
.0
‘C
‘5,
a
N
‘0
a‘a
C
a
to

a
0
C
a

411
0
U,

a
‘55
a
0
a

‘0.08
so

0.10

10000 9500 9000 3500 8000 7500 7000 8900 8000 01300 5000 450.7 40.130

Wavenumber (cm”)


